Silver's unique ability to selectively oxidize ethylene to ethylene oxide under an oxygen atmosphere has long been known. Today it is the foundation of ethylene oxide manufacturing. Yet, the mechanism of selective epoxide production is unknown. Here we use a combination of UHV and in situ experimental methods along with theory to show that the only species that has been shown to produce ethylene oxide, the so-called electrophilic oxygen appearing at 530.2 eV in the O 1s spectrum, is the oxygen in adsorbed SO4 (SO4,ad). This adsorbate is part of a 2D Ag/SO4 phase, where the nonstoichiometric surface variant, with a formally S(V+) species, facilitates selective transfer of an oxygen atom to ethylene. Our results demonstrate the significant and surprising impact of a trace impurity on a well-studied heterogeneously catalyzed reaction.
Introduction
The direct epoxidation of ethylene to ethylene oxide (EO) over silver is one of the most important heterogeneously catalyzed reactions practiced in industry [1] [2] [3] [4] [5] [6] . In it, an oxygen atom from O2 is added across the C-C double bond of ethylene. This simplicity makes ethylene epoxidation a tractable means of studying selectivity in heterogeneous catalysis, where selectivity refers to the fact that EO is just one potential reaction product. The selectivity to be explained is amazing; on clean silver it is near 50% [1] [2] [3] [4] and can exceed 80% with the use of promoters [1] [2] [3] [4] [5] [6] [7] . Yet, a mechanistic understanding consistent with experimental data has been lacking since the 1931 discovery of the reaction [1] [2] [3] [4] . The first plausible models dealing with selectivity appeared in the 1940s, postulating a special form of adsorbed oxygen selectively oxidizes ethylene to EO [1] [2] [3] . This species became known as electrophilic oxygen (Oelec) 3 . Vigorous debate over two models of Oelec-atomic or molecular oxygen-dominated the literature [1] [2] [3] [8] [9] [10] [11] until Oelec was found under vacuum above the O2 desorption temperature [9] [10] [11] [12] , igniting interest in the chemistry of adsorbed atomic oxygen. With the aid of DFT calculations, such studies led to development of a mechanism wherein ethylene is predicted to react with adsorbed atomic oxygen to form an oxametallacycle (OMC) intermediate [14] [15] [16] . And while oxygen on reconstructed silver surfaces was found to selectively produce CO2 through this mechanism 16 , when the reacting oxygen is adsorbed on an unreconstructed surface EO is predicted to be formed non-selectively 14, 15 . Recently, however, this type of adsorbed atomic oxygen was shown to be incompatible with measurements of Oelec [17] [18] [19] [20] [21] .
Although Oelec readily forms under the oxygen chemical potential required for epoxidation [22] [23] [24] , it is challenging to generate it under clean conditions 9-13 -those in which no gas-phase impurities are introduced. Thus, unlike the nucleophilic oxygen (Onuc), active only in combustion 13, 17 -where established ultra-high vacuum (UHV) preparations allowed its structure to be solved [25] [26] [27] surfaces active in EO production during temperature programmed reaction (TPR) have only been prepared through extensive oxidation at ca. 500 K 9,10 or exposure to epoxidation conditions [11] [12] [13] . While these studies demonstrated the EO-selective species seen in TPR is responsible for catalytic epoxidation 10 , they offered only puzzling structural insight. For instance, experiments relying on oxidative preparations revealed such treatments lead to significant dissolution of O into Ag and that Oelec only forms in the presence of both Onuc and dissolved O (Odis) 9, 10 . Unfortunately such severe treatment leaves little chance of uncovering the structure of the EO-selective species.
A method of preparing dissolved O, Onuc, and Oelec on Ag(111) single crystals under UHV was, however, recently developed 18, 19 . In it, Ag(111) samples were treated by repeated NO2 oxidation/annealing cycles, leading to the cyclic formation and decomposition of an oxygen species with an O 1s binding energy (BE) of 528.3 eV (Onuc), and the parallel, slower enrichment of a second oxygen species on the surface at a BE of 530.7 eV. The formation of the 530.7 eV species resembles a precipitation, involving segregation of Odis to the surface. Surprisingly, under clean conditions the 530.7 eV species forms an ordered structure giving rise to a 7 × 3 low energy electron diffraction (LEED)
pattern 19 .
Herein we use a combination of experimental and computational approaches to show the 7 × 3 phase with a 530.7 eV O 1s BE is the parent phase of Oelec prepared by thermal oxidation. We go on to show this Oelec forms spontaneously under reaction conditions and its coverage correlates with EO production.
Results

Electronic and atomic structure
To solve the structure of the 7 × 3 surface phase we turned to density functional theory (DFT), LEED I/V, and XPS by first noting that only covalently bound O has ca. 530 eV O 1s BE 17 . Thus, we considered O bound to common impurities; only S-a ubiquitous contaminant of ethylene 28 and Ag 29 -explains the observed properties. XPS/LEED confirms that a 7 × 3 reconstructed surface phase contains S with a S:O ratio of ca. 1:4, Figure 1 -note no S was visible in XPS when the oxidative preparation began. DFT calculations reveal the lowest energy Ag/SO4 structure with 7 × 3 periodicity has an Ag9(SO4)3 stoichiometry, Figure 1 . The coordinates from the DFT relaxation were used as the starting point of a LEED I/V analysis. The model obtained from this analysis, after an extended optimization procedure, was identical to the DFT model, except for minor displacements in the atomic positions. In the unit cell, three SO4 moieties are bound to 9 Ag atoms in the top layer (the bare surface would contain 14 first layer Ag atoms in the cell), and 6 of these 9 atoms are strongly displaced from their bulk positions, i.e., the surface is reconstructed. With the structure of the 7 × 3 reconstruction solved, we examined the core-level BEs of its constituent atoms to gain insight into its electronic structure and forge connections with previous measurements 12, 13, 22, 23 . 
and
In Equation 1, the empty portion of the surface reacts with oxygen to give the has a trivial dependence on free surface area. In the case of Equation 2, however, the dependence is complicated by the fact that the energy of SO !,!" changes with
To see how this coverage dependency of ∆ ! is manifest we generated a series of phase diagrams with varying !! ! , see Figure 2 . We find that for BE is 0.7 eV less than the O in the 7 × 3 -SO4 phase, Table S1 .
The O 1s spectrum measured after oxidation of the 7 × 3 reconstruction confirms the appearance of SO4,ad and Onuc, Figure 3 . Onuc gives the O 1s peak at 528.4 eV 12, 13, 16, 22, 23 . The peak near 530 eV is broadened due to the appearance of a new peak on the low BE side of the 530.7 eV peak. Table S2 ). The 530.2 eV component can then be assigned to SO4,ad on the unreconstructed surface. It also explains why the 530.2 eV O 1s species does not appear as a pure phase in oxidative preparations.
TPR activity
With the spectroscopic properties of SO4,ad determined to match those of Oelec, we turned to TPR to see if its chemical reactivity also does so. First the SO4 reconstruction was prepared on a Ag(111) single crystal as above, Figure 4 spectrum I. This surface was exposed to 0.1 mbar ethylene for 10 minutes at 298 K before evacuating to UHV. The surface was then heated at 0.8 K/s. Neither CO2
(m/z=44 amu) or the m/z=29 amu fragment often assigned to a CHO fragment from EO 10, 11, 34 was observed in QMS. This inactivity is consistent with reports that, alone, the oxygen species with a BE of ca. 530 eV is inactive in TPR with ethylene 9-12 . In a second experiment we prepared SO4,ad and Onuc by NO2-dosing on the SO4-reconstructed surface, Figure 4 spectrum II. This surface was exposed to the aforementioned ethylene treatment. Now both m/z=29 amu and 44 amu are seen during TPR. The ca. 360 K desorption temperature for the m/z=29 fragment-ca. 1 eV apparent activation energy for desorption from a first order Redhead analysis 11 -is consistent with previous measurements of an Ag(111) surface active in EO production during TPR 11 . It should be noted however, that m/z=29 is not unique to EO due to cross-sensitivities with 13 CO, H2 13 C= 12 CH2, and AcH 34 . We were able to eliminate the former two possibilities by confirming C2H3O (m/z=43) desorbs at the same temperature ( Figure 4 ) and can rule out AcH because it is converted entirely to CO2 in the presence of the 4 × 4 -O phase 12 . Thus, we assign the desorption signal at ca. 360 K to an EO fragment, demonstrating that oxidizing the 7 × 3 -reconstructed surface produces the EO-selective species active in TPR.
Earlier isotope labeling studies showed only O with an O 1s BE of ca. 530 eV is active in EO production 13 , which, in the new model, implies SO4,ad is the EOselective species. To understand why, we computed the minimum energy paths (MEPs) for epoxidation on the reconstructed and unreconstructed SO4 phases.
The calculations reveal ethylene adsorbs on surfaces with both the 7 × 3 -SO4 reconstruction and 1/16 ML SO4,ad with Ead=0.61 eV and 0.21 eV, respectively. However, EO formation on the reconstruction is highly activated, 1.8 eV relative to adsorbed C2H4; whereas the activation energy (Ea) to EO formation from O in SO4,ad is only 0.96 eV relative to adsorbed ethylene.
In the case of SO4,ad, ethylene reacts to form the intermediate in state 3 of Figure 5 in a near thermoneutral process (see Table S4 ; Tables S5-S7 for results
with dispersion corrections). This intermediate can decompose into EO and
AcH-the first step towards total oxidation [14] [15] [16] -through different mechanisms.
AcH formation follows a zwitterionic pathway, state 4 of Figure 5 , with an Ea of 1.35 eV. Unlike this ionic transition state, which is insensitive to spinpolarization, EO production is accomplished via a path with di-radical character 35 -see state 6 of Figure 5 . In this case, the non-spin-polarized solution has a barrier similar to that found for AcH production, 1.22 eV. However, the adsorbed C2H4-O-SO3 moiety allows spin-density to develop on the C and O atoms involved in ring closure, state 6 of Figure 5 , which lowers the activation energy to 0.81 eV. This large difference in Ea between the EO and AcH paths suggests the ability to localize spin-density makes SO4,ad selective to the epoxide.
The SO3,ad formed by oxygen transfer to ethylene in this process can be removed from the surface by disproportionation into SO4,ad and SO2, with an estimated Ea of 1.3 eV 30 , or through reaction with ethylene. In the latter case, EO and AcH are predicted to be formed with computed activation energies of 1.2 eV, suggesting oxygen transfer from SO3,ad is slow and not selective to EO, see Figure   S6 and Table S8 . 
In situ titration
To further test this mechanism we turned to in situ XPS, where we measured the S 2p spectra and product composition when a silver catalyst partially covered in SO4,ad is exposed to ethylene at reaction temperature. The powder catalyst was first placed under epoxidation conditions-1:2 mixture of C2H4:O2 at 0.3 mbar and 503 K-for ca. 100 mins. GC and PTRMS confirmed EO production. The gas-feed was then switched to ethylene while maintaining a total pressure of 0.3 mbar and temperature of 503 K. A series of S 2p spectra were measured during this ethylene titration, along with the PTRMS mass 45 signal-which can capture rapid changes in EO production. (To verify the PTRMS signal was due to EO we simultaneously measured the gas-phase products with GC and saw no AcH production, see Table 1 for a list of analytical techniques used to detect EO.) The switch to a reducing atmosphere led to the growth of the predicted SO3,ad intermediate, as indicated by the peak at 165.4 eV in Figure 6 ; the computed binding energy is 165.0 eV. PTRMS shows the catalyst was still producing EO at this stage. As the time under 0.3 mbar ethylene increased all SOx species were titrated from the surface and EO production ceased. Based on the computed MEPs, Figure S6 , we presume the SO3,ad formed during titration further reacts with ethylene to yield a (partial) oxidation product and SO2. The latter will rapidly desorb at this temperature 36 . While ethylene titration indicates adsorbed SO4 remains active as a stoichiometric oxidant at epoxidation temperatures, earlier isotope labeling 10 and in situ XPS studies 22, 23 showed the EO-selective species seen in TPR is also catalytically active. Hence, SO4,ad should be reformed under epoxidation conditions by re-oxidation of SO3,ad. The low Ea associated with SO3,ad oxidation through the reaction with atomic oxygen, Figure S7 -S8, and O2,ad, Figure S9 , show this is plausible. Oxidation through reaction with O2,ad, for instance, is activated by 0.66 eV, significantly less than the > 1 eV associated with the competing SO3,ad reduction by ethylene, Figure S6 . The calculations predict a non-vanishing steady-state coverage of SO4,ad can be maintained under epoxidation conditions.
In situ regeneration
To see if SO4,ad is (re)generated on a clean silver surface during epoxidation we returned to in situ XPS to first check if it is formed during epoxidation on a S-free catalyst surface. As in the case of the titration experiment, EO production was monitored by PTRMS to capture rapid changes in the product pressure while the S 2p spectrum was measured. To begin, a fresh Ag powder catalyst was cleaned by treatment in 0.3 mbar H2 at 873 K for 1 hour before cooling to room temperature. After cooling the H2 gas was replaced with a 1:1 mixture of C2H4:O2 while maintaining a total pressure of 0.3 mbar and a temperature of 273 K. The S 2p spectrum measured under these conditions revealed the near surface region was free from S contamination and no EO was observed in PTRMS, Figure 7A .
EO production began upon heating the clean Ag powder to 523 K under the reaction gas mixture, and the S 2p spectrum revealed the concurrent appearance of SO4, Figure 7A . Continued epoxidation led to minor changes in the amount of S observed by XPS, and the S 2p spectrum showed SO4 was the only S species present under steady-state epoxidation, in agreement with the low barriers computed for oxidation of SO3,ad. Thus, adsorbed SO4 is rapidly generated under epoxidation conditions and its coverage saturates, perhaps due to S dissolution and/or coverage effects (see Figure S4) , confirming the TPR active species is formed and maintained under catalytic conditions. A) The catalyst was exposed to the reaction gas mixture at 298 K and then heated to 523 K to initiate the reaction.
After 210 mins on stream the adsorbed SO4 formed during epoxidation was cleaned by ethylene titration before returning to the reaction gas mixture. S 2p spectra measured with hν=355 eV. B)
A Ag powder catalyst was held under ethylene at 503 K before introducing O2 to initiate the reaction. After 90 mins on stream more S was segregated to the surface under pure O2 before returning to the reaction gas mixture. S 2p spectra measured with hν=390 eV.
After operating the Ag powder catalyst for almost 200 mins we removed SO4 from the surface, confirmed with XPS, by ca. 30 mins of ethylene titration at 723 K. The catalyst was then cooled to 523 K and oxygen was reintroduced to maintain a total pressure of 0.3 mbar in a 1:1 mixture of C2H4:O2. As before, PTRMS revealed the production of EO, and XPS showed the simultaneous appearance of SO4, Figure 7A . However, after regenerating the S phase there was less SO4 than before the ethylene titration and a two-fold decrease in the gasphase EO signal measured by PTRMS. This observation suggests catalytic EO production is linked to the coverage of the EO-selective species found in TPR.
To further test this link between EO production and adsorbed SO4 we cleaned a fresh Ag powder catalyst. In this case the clean catalyst was placed under 0.3 mbar C2H4 at 503 K. No EO production was observed in PTRMS and the S 2p spectrum showed no evidence for S accumulation, Figure 7B . After ca. 40 mins under ethylene the gas composition was switched to a 2:1 mixture of O2:C2H4 while maintaining the total pressure at 0.3 mbar and temperature at 503
K. The addition of O2 at reaction temperature led to the immediate appearance of adsorbed SO4 and concomitant EO production, Figure 7B .
After ca. 50 mins of epoxidation ethylene was removed from the gasphase while maintaining a total pressure of 0.3 mbar. The temperature was also increased to 673 K, which is above the desorption temperature of Onuc but below that of the S phase 18, 19 . As expected, PTRMS showed no EO production during this oxygen annealing, and the S 2p spectrum showed annealing led to an increase in the amount of adsorbed SO4, see Figure 7B , which may be due to the re-segregation of gas-phase S impurities dissolved during epoxidation.
Returning to epoxidation conditions-2:1 mixture of O2:C2H4 at 0.3 mbar and 503 K-after 90 mins of annealing in O2 led to the immediate appearance of EO in PTRMS, Figure 7B . In this case, the EO production was higher than before O2 annealing, and the increased coverage of the S phase induced by annealing was also maintained. Thus, adsorbed SO4 not only (re)forms on silver surfaces during epoxidation, but by increasing (decreasing) its coverage we see an increase (decrease) in EO production. Hence, it appears the steady-state EO production of an active catalyst may be correlated with the amount of adsorbed SO4-as expected if SO4,ad remains active during catalytic epoxidation.
Quantitative conversion
We performed further in situ XPS experiments on Ag powder to verify the relationship between EO production and the coverage of adsorbed SO4. For this purpose we employed using a calibrated micro-GC to quantify the gas-phase EO and CO2 concentrations while the cleaned catalyst was exposed to a 2:1 mixture of O2:C2H4 at 0.3 mbar and 503 K. The S 2p and Ag 3d spectra were then measured using electrons of the same kinetic energy (220 eV) to allow the SO4/Ag ratio to be computed. As in the previous examples, SO4 appears once the reaction gas mixture is introduced at 503 K, after which the amount of SO4 slowly increases with time on stream. Plotting the EO concentration against the measured SO4/Ag ratio, Figure 8 , shows a concomitant increase in EO production, like that shown in Figures 7 and S11, and drop in CO2 concentration. Now a near linear correlation is seen between the EO concentration and SO4 coverage for a "clean" catalyst operated in catalytic epoxidation. and the related asymmetry parameters were used to normalize the areas obtained from XPS 37, 38 .
To estimate the SO4 coverage an IMFP of 5.6 Å was used for photoelectrons with KE of 220 eV 39 assuming the Ag atomic layers are separated by 2.36 Å 24 .
Conclusions
In summary, we have shown the methods used to prepare the EOselective oxygen species active on silver catalysts in TPR 9-13 -often referred to as electrophilic oxygen-lead to the accumulation of surface SO4, due to sulfur impurities in ethylene and/or silver. On a surface free of coadsorbed oxygen this SO4 forms an unreactive surface reconstruction. When coadsorbed oxygen is present, oxygen induced surface reconstructions are produced, leading to a local competition for silver adatoms that partially lifts the Ag/SO4 reconstruction. The resulting SO4 adsorbed on the unreconstructed silver surface has the spectroscopic properties associated with Oelec and produces EO during TPR. DFT calculations suggest SO4,ad should be selective in EO production and that the resultant SO3,ad can be reoxidized to SO4,ad by reaction with O2 or Oads. In situ XPS confirms that during catalytic epoxidation SO4,ad appears on a clean silver surface under the reaction gas mixture with a coverage that is linearly correlated with EO production. We conclude the electrophilic oxygen species appearing at 530.2 eV in the O 1s spectrum is the oxygen in SO4,ad formed as a result of trace sulfur impurities.
Methods
Quantum ESPRESSO 40 Ry (10 -3 Ry/Bohr) was used for the total energy (forces). MEPs were computed with the climbing image nudged elastic band method. Transition states were verified by normal mode analysis. Zero-point energy corrections were not included as they changed the results by ca. 0.1 eV at most, see Table S4 .
Dispersion corrections did not qualitatively alter the results, see Tables S5-S7 .
For the experimental portions of the study all samples and analytical techniques to detect EO were chosen based on the limits of the analytical methods and nature of the experiments. These techniques are summarized in Table 1 . Ag powder GC 8
TPR and XPS were performed in a combined UHV/ambient pressure system previously described in detail 42 . The Ag(111) crystal was cleaned by cycles of Ar + sputtering/heating to 775 K. NO2 was used for oxidation to avoid high O2 doses 43 , a detailed description of the preparation has been described previously 18, 19 . The included XP spectra were measured with a monochromatic Al Kα source (Omicron XM 1000) and hemispherical analyzer (SPECS Phoibos 100). Spectra were calibrated using the Ag 3d5/2 peak-BE of 368.25 eV. TPR products were measured with a quadrupole mass spectrometer (Pfeiffer Prisma QMS 200 M2). LEED I/V curves were measured at the nanospectroscopy beamline at the synchrotron facility Elettra 44 .
In situ XPS measurements were performed at the near ambient pressure XPS endstation of the ISISS beamline 45 at the synchrotron facility BESSY II/HZB, Berlin, Germany. Pressed pellets of Sigma-Aldrich Ag powder with a < 100 nm grain size were used along with ultrahigh purity gases, ethylene 3.6 and oxygen 6.0, obtained from Westfalen. For each in situ XPS experiment a catalyst was mounted on a sapphire sample holder and held in place between two stainless steel plates where the lid had a hole for measuring spectra, see Ref 16 for more details of the approach. Unless otherwise noted, catalyst were cleaned with oxidation/reduction cycles under 0.3 mbar O2/H2 at 873 K. Sample temperature was measured using a K-type thermocouple squeezed between the sample and the lid while the catalyst was heated from the backside with an IR laser.
Temperature was controlled using a PID feedback loop. Gas-phase product quantification was performed with a calibrated Varian Micro-GC CP4900. The gas-phase composition was also continuously measured using a Prisma quadrupole mass spectrometer (QMS) from Balzers and a Proton Transfer
Reaction MS (PTRMS) from IONICON Analytik. The latter allows EO to be monitored using m/z=45 (C2H4O and H+), as CO2 does not contribute to the PTRMS signal due to its low proton affinity 22 and AcH was not observed with the GC in any of the in situ experiments. 
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